Previously, numerous three-dimensional finite element (FE) models of the dentoalveolar complex have been developed and stress analyses of orthodontic tooth movements were reported. Most of the models were, however, developed based on average anatomical data, but not on individual data. The aim of this study, therefore, was to investigate dentoalveolar stress distribution by lingual and distal tipping tooth movements using FE models of individual teeth based on the limited cone beam CT (3DX) images. Three extracted teeth (lower canine, upper molar, and lower molar) were used to test the threedimensional reconstruction procedure in terms of accuracy and reproducibility in linear dimensions and sizes. From the stress analysis of the three different models, the equivalent stress in tipping movement concentrated at the cervical region of the PDL and bone crest in all teeth. It was suggested that the FE modeling technique based on 3DX in this study is recommended for the individual determination of optimal orthodontic force for effective tooth movement.
INTRODUCTION
The finite element (FE) method has proven to be a suitable tool for approximating the distribution of stresses in structures in dentistry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Indeed, since 1980, several three-dimensional FE models of the tooth, including the periodontal ligament (PDL) and alveolar bone, have been created [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These models have shown, for example, that the predicted stress distribution in the PDL and on the surface of root matched up to the resultant bone remodeling in the alveolar bone. However, most of the three-dimensional models have been developed based on average anatomical data. In other words, individual structural differences of the tooth are not considered nor reflected in the stress analysis results. For example, a previous study demonstrated that stress distribution in the PDL was affected by root length and alveolar bone height 2) . Furthermore, results have revealed that an orthodontic force application should be determined on the basis of anatomical variations in tooth length and alveolar bone height to induce optimal stress in the PDL, which is a key to desirable tooth movement. Therefore, to identify the precise stress status in the PDL during tooth movements, a stress analysis using an individual FE model should be performed. To create an individual FE model of the tooth, we developed an algorithm to construct the alveolar complex model based on data from a limited cone beam dental compact-CT (3DX). This CT has a radiological dose effect that is 1/100 of the helical-CT and with a higher resolution than the other CTs 13, 14) . The aim of this study, therefore, was to develop FE models of teeth from the limited cone beam CT images, and then further investigate stress distributions in the tooth-PDL-bone complex during two different orthodontic tooth movements by use of FE analysis.
MATERIALS AND METHODS

Imaging system
The original prototype made use of an existing technology in which the film was replaced by an image intensifier 13) . Subsequent refinements and improvements resulted in the transfer of technology to Morita Corporation as the 3DX multi-image micro-CT (3DX). The radiation field of this cone beam CT is limited to a height of 29 mm and a width of 38 mm at the center of rotation. Standard imaging conditions are Image data are on a two-dimensional screen measuring 240 pixels in the vertical direction by 320 pixels in the horizontal direction, and its resolution is 0.125 mm for one pixel 13) .
FE models
Three different extracted teeth (mandibular canine, mandibular and maxillary molars) were imaged in CT (Figs. 1 A-1 , B-1, and C-1). These CT images were converted to three-dimensional point data sets by use of IRIS Explorer (NAG, Tokyo, Japan). After deleting tooth pulp data and adjusting FE models to the original tooth size, the surface of each tooth was created using the three-dimensional point data obtained. Thereafter, using our algorithm, we created FE models from the three-dimensional point data sets of the CT images (Figs. 1 A-2, B-2, and C-2). The geometry of PDL was defined based on anatomical knowledge, and the thickness of PDL was determined to be an average of 0.2 mm. Bone elements were established around the PDL elements (Figs. 1 A-3 , B-3, and C-3). Consequently, the three-dimensional canine model including PDL and alveolar bone consisted of 90,701 elements and 17,320 nodes. The mandibular and maxillary molars consisted of 99,806 and 151,348 elements, and 17,700 and 26,156 nodes, respectively. Table 1 summarizes the material properties of tooth, PDL, and alveolar bone used in this analysis, as mentioned in a previous study 5) . The loading configuration was designed to mimic conventional orthodontic tooth movement. Lingual and distal tipping forces were applied at the middle of buccal crown surface, with a 5×5 mm square area as an orthodontic bracket. The orthodontic force was simulated by applying a force of 1 N perpendicular to the long axis of the tooth as lingual and distal tipping tooth movement. For the alveolar bone, displacement at the peripheral nodes was constrained to zero.
Material property and boundary condition
RESULTS
Accuracy of the reconstructed FE models
Three-dimensional FE models could be reconstructed from CT images of extracted lower canine, mandibular molar, and maxillary molars (Figs. 1 A-C) . These FE models showed that details of the original tooth shape could be precisely reconstructed (Fig. 1  D-1, 2) . To reconstruct the FE models, we developed an algorithm to delete neighboring points within a distance of 0.5 mm from the original surface points. The original three-dimensional point data contained irregular triangle surface elements (Fig. 2 A) . Near points which had a relatively short distance, as compared with the average distance, were created on the tooth surface due to noise during CT image processing. An irregular triangle surface element was created when these near points were connected as one side of the triangle. These elements were eliminated from FE analysis because they would lead to errors in numerical integration and interfere with FE analysis (Fig. 2 A) . To avoid potential errors, the distance between every two points was calculated by computer and the neighboring points within a specified distance (0.5 mm in this case) were merged into one representative point. The representative point was either the center of gravity of the neighboring point group or merely a representative point. Figures 1 A-2, B-2, and C-2 show the volume models surrounded by such modified surface elements. Table 2 shows the mesio-distal and bucco-palatal widths of the crown and the total lengths of the three Table 1 Material properties for finite element models different teeth by direct measurement with a caliper and those from the three-dimensional FE models.
The obtained lengths and widths revealed 0-0.1％ error, ranging from 0 to 0.115 mm, between the measurements from the original extracted teeth and the FE models (Table 2 ). All dimensions obtained from the three-dimensional tooth models agreed with the measured values within the 0.125 mm of a resolution unit of CT images.
Comparison of the stress distribution dependence on the number of roots during tipping tooth movement
When applying a lingual tipping force (1 N) on the bracket node of the canine model, a region of relatively high equivalent stress was found at the lingual and labial surfaces of the root (Fig. 3 A-1, 2 ). The maximum value was 179.2 kPa, which was detected on the cervical level of the roots. By applying a distal tipping force, relatively high stresses were observed mainly at the middle level of the distal and mesial root surfaces. The maximum value was 320 kPa ( Fig. 3 B-1, 2 ). The stresses observed at the mesial root surface were distributed over a wider area than those at the distal surface.
In the lingual tipping movement of the mandibular molar, relatively high equivalent stress (approximately 65 kPa) was found at the buccal surfaces of mesial and distal roots ( Fig. 3 C-1, 2) . Meanwhile, the maximum stress in the distal tipping movement was approximately 240 kPa, which was observed at the root furcation (Fig. 3 D-1, 2) . In the FE model of maxillary molar, stresses induced by the lingual tipping force were found mainly at the buccal surface of the lingual root, and the maximum stress (approximately 84 kPa) was found near the root furcation ( Fig. 3 E-1, 2) . Meanwhile, in the distal tipping movement, a relatively high stress of approximately 100 kPa was found at the distal surface of the lingual root ( Fig. 3 F-1, 2 ).
Biomechanical responses in the periodontal ligament
In the canine model, relatively high stresses induced by the lingual tipping movement were also found mainly at the cervical level of the root on labial and lingual surfaces. However, the maximum stress in the PDL was 6-7 kPa, which was approximately 4-5% of the maximum stress on the root surface (Fig.  4 A-1-4) . When the distal tipping force was applied, relatively high stress (approximately 4-5 kPa) was observed in the mesio-distal direction at the cervical level (Fig. 4 B-1-4) . The maximum stresses observed in the PDL were larger in the lingual tipping movement than in the distal tipping movement.
In the mandibular molar, the maximum stress (approximately 5-6 kPa) was localized in the PDL near the root furcation between the mesial and distal roots when distal and lingual tipping forces were applied (Figs. 4 C-1-4, D-1-4 ). Comparing the stresses on the root apex, the distal root stress was larger than that of the mesial root. In the FE model of maxillary molar, stress was found mainly at the cervical level in buccal and lingual directions, which was almost similar to those in the canine model (Figs. 4 E-1-4, F-1-4) . The maximum stresses in the PDL were approximately 0.8 kPa, and observed in the PDL at the cervical level and root apex (Table 3) .
Stress distribution in the alveolar bone
In the alveolar bone, stress distribution was almost similar to that in the PDL, but the values of stress distributed in the alveolar bone were approximately 10-20 times lager than those in the PDL (Table 3) . Furthermore, almost one-tenth of the stresses distributed on the root surface.
Irrespective of the tipping force application pat- tern, the maximum stress in the canine alveolar bone was found at cervical level (approximately 40-50 kPa) (Figs. 5 A, B and Table 3 ). In the mandibular molar, the maximum stresses in both the lingual and distal tipping movements were found at root furcation (approximately 60 kPa) (Figs. 5 C, D) . Regarding the stress induced at root apex, the stress value was larger in the bucco-mesial direction than that of the buccal-distal one (Table 2) . Furthermore, in the maxillary molar model, the maximum stresses (approximately 30 kPa) were located at the cervical level of distal depression (Figs. 5E, F and Table 2 ). The bone crest between the bucco-mesial and buccodistal root furcations also showed relatively high stresses, which were approximately 20 kPa (Figs. 5 E, F).
DISCUSSION
Previously, several researchers [8] [9] [10] constructed FE tooth models using a series of slice images of a tooth and performed stress analysis during tooth movements. However, these FE models were developed as general tooth models with an average size and shape of the crown and root. Subsequently, in a previous study, an automatic modeling system from CT image was developed for computer-aided diagnosis 15) . However, this system was used only for simulation to identify the density of alveolar bone for human growth, but not for stress analysis of the periodontium complex during orthodontic tooth movement. Our cone beam CT had a high resolution of 0.125 mm for one pixel 13) . In addition, this CT had an extremely low radiological dose, which was 1/100 of helical-CT 13) . The micro CT was developed as a highresolution imaging device and a precise FE modeling tool using the images 16) . However, it could not be adapted for human use because of its high radiological dose effect. In the present study, the tooth length and width obtained from the FE model were very close to those measured directly (Table 2) , revealing only 0-0.1％ error. Furthermore, this modeling system could detect the microstructure of the root surface and could simulate even a small defect on the root precisely ( Fig. 1 D-1, 2) . Therefore, a three-dimensional tooth model constructed by this modeling system would be sufficiently accurate to facilitate stress analysis in the dentoalveolar complex during tooth movements. When lingual and distal tipping forces were applied, our FE analysis results showed that maximum stresses were observed mainly at the cervical level of root, PDL, and alveolar bone. Stress concentration at the cervical level could be associated with bone remodeling or bone loss, resulting in expected Unit: kPa Table 3 Maximal nodal equivalent stress at cervical line and root apex of PDL and alveolar bone tipping tooth movements. Comparing the stress values in the root apex between canine and molars, the stress level was much higher in the canine model than in the mandibular and maxillary molar models. This implied that the stress distribution in the PDL and on the root surface could provide insight for clinical consideration that the maxillary and mandibular molars were less susceptible to apical root resorption than the single root. In fact, previous radiological studies 17, 18) showed that single roots such as maxillary central incisor exhibited the highest incidence of apical root resorption during orthodontic tooth movement.
As our FE models were reconstructed from individual teeth, it was impossible to compare this set of analysis data against those using the average anatomical model. However, when comparing to previous published results based on the average anatomical molar model 9) , we could demonstrate that stress distribution on the surface of tooth was dependent on the microstructure of the tooth surface. Therefore, in vivo stress distribution on the tooth surface during orthodontic tooth movement may not show a smooth gradation which can be detected in the average anatomical tooth model 9) . The major components of the ground substance of PDL include proteoglycans and glycoproteins. Proteoglycans consist of a core protein to which glycosaminoglycan (GAG) sulfate side-chains are attached [19] [20] [21] , and they mainly contribute to the viscoelastic properties of the PDL 22) . In the present study, the stress value on the root surface was approximately 400-500 kPa (Fig. 3) , whereas those in the PDL and alveolar bone were around 1-6 kPa and 10-50 kPa respectively (Figs. 4, 5 and Table 3 ). This implied that the stress induced by orthodontic tipping force was transmitted through the PDL and reduced by 10％ on the alveolar bone. This result might support a histological phenomenon that the PDL has a viscoelastic behavior in nature and contributes to bone remodeling in the alveolar bone during orthodontic tooth movements. In a previous study, an orthodontic diagnosis tool was introduced to put together a standard CT threedimensional image of a person' s head with measuring points extracted from the patient' s information such as X-ray films, individually 23) . In the same vein, present FE models may also provide a standard database of three-dimensional points of tooth shape of individual patients. This could be helpful in reconstructing individual dental arch where FE analysis could fit individual patient' s CT images as a computer-aided diagnosis system. The limitations of this study involved the noise of CT images such as artifacts. However, our algorithm was able to reduce the noise of CT images as described above. Therefore, this modeling system could assuredly construct precise FE models directly from limited cone beam CT images. The future direction of our FEM simulation should involve more accurate simulation of loading and approximation of material behaviors, as well as variations in the geometries of PDL, bone, and tooth. Nonetheless, FEM simulation using CT images can be a powerful computational tool with great flexibility in modeling geometries and mechanical behaviors of biological tissues.
CONCLUSIONS
Our three-dimensional reconstruction procedure created FE tooth models (lower canine, and upper and lower first molars) of sufficient accuracy. We thus suggested that the FE modeling technique based on 3DX in this study is recommended for the individual determination of optimal orthodontic force for effective tooth movement. In the future, these FE modeling tools can be useful for individual internal stress distribution for orthodontic treatment plan.
